A comparative investigation of lysozyme in trehalose, sucrose and maltose aqueous solutions has been performed using Molecular Dynamics simulations. The vibrational properties in the low frequency spectral range [0 -350] cm^^ were mainly analyzed. This study confirms that the hydrogen bond (HB) network of water is highly dependent on the presence of sugars and contributes to the stabilization of lysozyme. The favored interaction of trehalose with water is confinned below a threshold weight sugar concentration of about 50 %. Above this concentration and unlikely to the sugar/water binary mixtures, trehalose becomes less efficient to distort the tetra-bonded HB network of water than maltose.
INTRODUCTION
Biopreservation is an important problem for pharmaceutical industries to use peptides or proteins as therapeutic agents. Indeed, biomolecules are only stable in very limited conditions. During heating, cooling, dehydration or a pH change of the solvent [1, 2] , they may exhibit an irreversible transformation to a denaturated state in which they are no longer active. Sugars are often used as additives in pharmaceutical formulations to protect biomaterials during freeze-drying processes and to improve long term storage [3] . However, these procedures are highly empirical and the microscopic preservation mechanisms are not yet fully understood. In recent years, trehalose, [a-D-glucopyranosyl-a-D-glucopyranoside], a non-reducing disaccharide, has received considerable attention for its exceptional biopreservative efficiency under extreme conditions. Several hypotheses have been suggested to explain the superior effectiveness of trehalose and more generally to decipher the bioprotection mechanisms. However, none of these hypotheses is fully satisfactory (see [4] and references within).
Green and Angell [5] have suggested that the high glass transition temperature of trehalose Tg c^ 120° C compared to other protectants could explain its exceptional ability to protect. Indeed, at high concentrations, trehalose may form an amorphous solid matrix in which biomolecules would be embedded. Therefore, biomolecules would be caged by the glassy solvent and their flexibility highly reduced. However this hypothesis does not explain why a 0.95:0.05 trehalose/glycerol mixture, with a lower Tg than pure trehalose, is more effective [6, 7] . Furthermore, it is well known that the activity of biomolecules highly depends on their 3-dimensional structure. Their native folded structure is stabilized by the hydrogen bonds (HBs) they form with water molecules. Crowe et al. have proposed that sugars would replace water molecules during dehydration to prevent the denaturing stress caused by the removal of the first water hydration shell of biomolecules, thus preserving their native structure [4, 8] . According to this scheme, trehalose would form a larger number of HBs with biomolecules owing its larger hydration number [9] . Although many experiments [10] and simulations [11] have shown that trehalose can be directly hydrogen bonded to proteins, trehalose cannot enter into internal or confined regions of proteins [12] . In addition, Timasheff e? al. [13] have shown that many osmoprotectants are excluded from the first hydration shell of proteins at moderate concentrations. This latter behavior has also been extended to higher sugar concentrations by Belton and Gil [14] and recently by Cottone et al. who demonstrated that sugars are preferentially excluded from the protein surface [15] [16] [17] . The destructuring effect proposed by Magazu et al. [18, 19] is based on the fact that the presence of sugars leads to a perturbation on the tetrahedral HB network of water The main reason is the possibility of HBs formation between sugars and water molecules. Therefore, sugars could inhibit ice formation in water at low temperatures. Trehalose would be the most efficient in destructuring the tetrahedral HB network of water by promoting a more extended hydration than the other disaccharides. This hypothesis seems relevant to explain the cryoprotection but not the lyoprotection of biomolecules.
Raman scattering and modulated differential scanning calorimetry investigations of the sugar-induced ther- mostabilization of hen egg-white lysozyme have been recently performed by the authors [20, 21] . This study revealed that sugars distort the HB network of water and strongly contribute to the stabilization of the native tertiary structure of lysozyme. They also reduce the first stage of denaturation, i.e. the transformation of the tertiary structure into a highly flexible state with intact secondary structure. Trehalose was shown to exhibit superior capabilities to distort the tetra-bonded HB network of water. In [21] , it was found that this effect is responsible for the stability of the tertiary structure.
In order to better understand the physical properties of sugars on the HB network of water and their influence on the protein stability we have per- We have especially focused our study on the influence of disaccharides on the protein vibrational properties and on the strengthening of water inter-molecular HBs. It should be noted that the HB capabilities of these three sugars are directly comparable since they possess the same chemical formula C12H22O11 and the same number of hydroxyl groups (8) .
COMPUTATIONAL DETAILS
Numerous simulation investigations have been performed on the structure and the dynamics of binary sugar/water solutions but fewer have been focused on ternary biomolecule/sugar/water systems (see [9] and references within). In the present study. Molecular Dynamics simulations of lysozyme in trehalose, sucrose and maltose aqueous solutions have been performed using the CHARMM program [22] , version 29b 1. The all-atom CHARMM22 force field [23] has been used to model the protein. The CSFF carbohydrate force field [24] has been considered for disaccharides and water molecules were represented by the SPC/E model [25] . The production simulations were performed in the isochoric-isothermal (N,V,T) ensemble. The length of all covalent bonds involving an hydrogen atom as well as the geometry of water molecules were kept fixed using the SHAKE algorithm [26] , with a relative tolerance of 10^^. A 2-fs timestep has been used to integrate the equations of motion with the verlet leapfrog algorithm [27] .
During the different stages of the simulations, the temperatures have been maintained constant with weak coupling to a heat bath (Berendsen thermostat [28] ) with a relaxation time of 0.2 ps. A cutoff radius of 10 A has been used to account for van der Waals interactions, which were switched to zero between 8 and 10 A . A Lennard-Jones potential has been employed to represent van der Waals interactions and Lorentz-Berthelot mixing-rules have been used for cross-interaction terms. Electrostatic interactions have been handled by the particle mesh Ewald (PME) [29] method with K = 0.32 A -^ and the fast-Fourier grid densities set to ' -^ 1/A (48 and 64 grid points in the X/Y and Z directions, respectively).
The starting structure of lysozyme was obtained from the X-ray crystal structure solved at 1.33 A (193L entry of the Brookhaven Protein Data Bank) [30] . Most probable charge states at pH 7 were chosen for ionizable residues. The total charge of lysozyme (+8 e) was then neutralized by uniformly rescaling the charge of protein atoms, simflarly to ref [31] . The disaccharide initial conformations have been deduced from neutron and X-ray studies of trehalose [32] , maltose [33] and sucrose [34] . The sugar concentrations on a protein-free basis are 37, 50 and 60 wt %. These concentrations have been purposefully chosen based on our previous study of sugar/water solutions [9, 35] . Indeed, we showed that the relative effect of sugars on water may be distinguished above a threshold concentration of about 40 wt %. Therefore, their relative influence on lysozyme at ambient temperature may be characterized above this concentration. Lysozyme and its 142 crystallographic hydration water molecules were first placed in an orthorhombic box with ceU parameters a = b = 46.7 A and c = 62.2 A. Then, disaccharide molecules were located and oriented randomly around lysozyme, with minimum sugarprotein and sugar-sugar distance criteria, which ensure an isotropic distribution of sugars around lysozyme. Finally, water molecules non-overlapping with either lysozyme or sugars were randomly added in the simulation box. Initial configurations were minimized in three steps, keeping first lysozyme and sugars fixed, then keeping only lysozyme fixed and finally keeping free all molecules. This minimized configuration was heated to 473 K in the canonic ensemble during 1 to 3 ns, while maintaining fixed the conformation of lysozyme to prevent conformational changes. This aimed at equilibrating solvent configurations, particularly the position and orientation of sugars. Then, the resulting configurations were thermalized at 300K and simulated in the isobaricisothermal (N,P,T) ensemble. The stabilized volume of the simulation box during this simulation was considered to compute the averaged density of the system and used to perform the subsequent simulations in the (N,V,T) ensemble. A steepest-descent minimization procedure of 1000 iterations was then performed, while applying a decreasing harmonic potential on atoms of lysozyme. After the minimization procedure, the temperature was raised from 0 to 300 K, with a 5-K temperature increase every 250 steps. Then, an equilibration at 300 K was performed during about 80 ps. Finally, simulations of 10, 12 and 17 ns were performed for the systems at concentrations of 37,50 and 60 wt %, respectively, and configurations were saved every 0.25 ps. A control simulation of lysozyme in pure water was done in an analogous way as the one described above. In this simulation, the orthorhombic box was directly filled with water molecules. Moreover, this system was not heated at 473 K, since water molecules are much more mobile than sugars. The first two and four ns were not considered to compute the structural and dynamical properties presented in this paper for the 0-50 and 60 wt % systems, respectively. Table 1 summarizes some simulation data for the different systems considered in the present study.
RESULTS AND DISCUSSION
The effects of the studied sugars at a concentration of 40 wt % on the thermal denaturation of lysozyme have recently been investigated by Raman scattering and modulated differential scanning calorimetry experiments [20, 21] . Trehalose has been found the most effective sugar for stabilizing the tertiary structure of lysozyme and its enhanced efficiency has been primarily attributed to its greater ability to distort and strengthen the HB network of water. In order to get useful complementary resuhs on the influence of sugars on the vibrational properties of lysozyme and water, we have computed the lowfrequency (co < 350 cm^') vibrational densities of states (VDOS) of lysozyme and water. They can be calculated from the Fourier transform of the autocorrelation function of atomic velocities :
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(=1 (1) where v; is the velocity vector of atom / and nit its mass, and M = X; rrit is either the mass of lysozyme or the total mass of all water molecules. The VDOS is then written as :
The figure 1 shows the VDOS of lysozyme in the [0-350 cm^'] range for the different studied systems. It is composed of two main bands centered on about 60 cm^' and 230 cm^'. The general shape is in qualitative agreement with the one obtained experimentally by Colaianni and Nielsen [36] , although the position of the peaks are located at lower frequencies in our study. The first peak has often been attributed to the cage effect, and is observed in many liquids [37, 38] . It is sometimes referred to as the boson peak. Its width represents the heterogeneity of the local environments experienced by individual atoms. Another very broad band centered at about 230 cm^' appears. This band could arise from librational motions of atoms of lysozyme surface residues exposed to the solvent. The presence of sugars seems to induce two significant changes on the VDOS of lysozyme. The first one is the sharpening of the boson peak, which amplifies with sugar concentration. This effect is well in line with the reduction of protein atomic fluctuations observed in [39] . Sugars would therefore be likely to reduce absolute differences of cage effects among the different lysozyme atoms. In pure water, the amplitude of atomic motions is limited by steric constraints imposed by the other residues of the polypeptidic chain. Motions of the surface residues are thus more free, and may be favored by HBs with water molecules. Sugars would strongly reduce the amplitude of motions of residues with which they form HBs, thus imposing an additional constraint on them in comparison to the pure water solution case. The second main consequence of the presence of sugars is that the second band is much more defined. The width of this band is lower and its amplitude raises and becomes comparable to that of the first band. Furthermore, its position shifts from r^ 220 cm^' up to '~ 250 cm^' when the sugar concentration raises from 37 to 60 wt %. This band is located in about the same frequency range as the second main low-frequency band of pure water, which is generally considered to be representative of the formation of HBs. This observed effect on the sec-ond band could therefore result from the strengthening of water-lysozyme HBs, as well as the formation of sugarlysozyme HBs. 
Frequency (cm" ) The VDOS of water has been calculated to know if the effects observed on lysozyme could actually arise from a strengthening of the HB network of water. It is displayed in figure 2 . The VDOS shape is in agreement with the resuhs of previous experimental [41] and numerical studies [38, 42] performed on pure water. The broadening of the first band induced by the addition of sugars may reflect the increased heterogeneity of the local environments sampled by water molecules. In addition, the amplitude of the secondhand decreases when the sugar concentration increases, in line with the destructuring effect of sugars on the HB network of water [18, 43] and with the results of Raman scattering experiments [21] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   :b) '.. Disaccharide concentration (wt %) The positions of the two bands VLGI^ and VQ are similar for the different sugar solutions at all concentrations (see figures 2b,c) but some tendencies clearly emerge. The position of the first band VLGN is always found at a lower frequency in the sucrose solutions than in the trehalose and mahose ones. Therefore, the addition of sucrose leads to a weaker distortion of the HB network of water than that of trehalose or maltose. Except for the 60 wt % concentration, the highest frequencies of the water VIG¥I band are found in presence of trehalose. It confirms the favored interaction of this sugar with water and its capability to perturb the HB water network more efficiently. It should be mentioned that this result is consistent with the data obtained from the Raman scattering measurements of lysozyme in disaccharide/water solutions at the 40 wt % concentration [44] . However, an inversion is detected at the 60 wt % concentration, so that the position of the first band VLGN is at a higher frequency in the maltose solution than in the trehalose one.
A similar trend is observed for the second band but the difference between trehalose and maltose is less pronounced than for the first band. A fair agreement is found with Raman scattering data at 40 wt % for which the values of the second band VG = 193, 194.5 and 198.5 cm^' were obtained for the sucrose, maltose and trehalose solutions respectively [44] . It is worth noticing that a change of slope is observed for a concentration of about 40 wt %, which corresponds approximately to the concentration where the HB network of sugars percolates [9] . A frequency increase ofthe second band may be attributed to a strengthening of intermolecular O-H-• -O HBs, which would make less flexible the structure ofthe protein in presence of sugars [21] . This strengthening of the HB network of water may indeed reduce the motions that are precursors ofthe unfolding process.
CONCLUSION
The present work reports results from MD investigations of lysozyme/disaccharide/water solutions at intermediate concentrations (37-60 wt % on a protein-free basis), where the HB networks of sugars were shown to percolate [9] . This study reveals that sugars have a significant influence on the low-frequency vibrational density of states (VDOS) of lysozyme. They induce a sharpening ofthe first band (' -^ 60 cm^'), related to the cage effect, and the emergence ofthe second band (' -^ 230 cm^'), which may reflect a strengthening of solvent-protein interactions associated to an increase ofthe solvent viscosity. The analysis of the VDOS of water indeed clearly shows a strengthening of its HB network. These results are in agreement with those recently reported on the denaturation of lysozyme in presence of sugars at 40 wt % by Raman scattering and modulated differential scanning calorimetry investigations [21] . They suggest that sugars may hinder the unfolding of lysozyme by strengthening the protein-solvent HB network, thus making lysozyme less flexible and less sensitive to a temperature increase. Below the 50 wt % sugar concentration, trehalose is found the most efficient to distort the tetra-bonded HB network of water as already reported in the literature for binary sugar/water mixtures. Above 50 wt %, a change between maltose and trehalose is detected and trehalose becomes less efficient than maltose. Additional experimental investigations are clearly needed in order to fully validate the MD results.
